When cells cease migrating through the vasculature, adhere to extracellular matrix, and begin to spread, they exhibit rapid changes in contraction and relaxation at peripheral regions newly contacting the underlying substrata. We describe here a requirement in this process for myosin II disassembly at the cell cortex via the action of myosin phosphatase (MP), which in turn is regulated by a plasma membrane signaling lipid. Cells in suspension exhibit high levels of activity of the signaling enzyme phospholipase D2 (PLD2), elevating production of the lipid second messenger phosphatidic acid (PA) at the plasma membrane, which in turn recruits MP and stores it there in a presumed inactive state. On cell attachment, down-regulation of PLD2 activity decreases PA production, leading to MP release, myosin dephosphorylation, and actomyosin disassembly. This novel model for recruitment and restraint of MP provides a means to effect a rapid cytoskeletal reorganization at the cell cortex upon demand.
INTRODUCTION
Cell adhesion and spreading play central roles in inflammation and metastasis (Sastry and Burridge, 2000) . Cell spreading is a highly dynamic process that involves rebalancing the forces that contract cells into compact, spherical shapes versus those that flatten the cells and extend their outer boundaries. The best characterized part of the cell spreading pathway is analogous to the forward extension of lamellipodia and filopodia exhibited by migrating cells. This extension is driven by actin polymerization promoted by Rastriggered activation of the Rho-family GTPases Cdc42 and Rac1 (Price et al., 1998; Berrier et al., 2000; Small et al., 2002) and contractile force provided by myosin II (Wakatsuki et al., 2003; Giannone et al., 2004) , which becomes assembled in association with the newly formed Rho-generated stress fibers and focal adhesions at the cell center/bottom. Myosin II activation is stimulated by phosphorylation of the myosin regulatory light chain (MLC) and terminated via dephosphorylation. The phosphorylation is performed in this setting by Rho-activated Rho kinase (ROCK), and the dephosphorylation by myosin phosphatase (MP; Hirano et al., 2003; Somlyo and Somlyo, 2003) . In addition to activating myosin II by phosphorylating MLC, ROCK also suppresses MP action by phosphorylating it as well (Ito et al., 2004) . Before these well-described events, though, it is necessary to diminish contractile activity at the cell cortex (Ren et al., 1999 Arthur et al., 2000; Arthur and Burridge, 2001 ). This step likely proceeds independent of the Rho-pathway activities, because the cells at this time are nearly devoid of stress fibers, having instead extensive F-actin-rich ruffles and lamellipodia at the cell periphery (Arthur and Burridge, 2001) . Myosin II activity at the cell periphery regulates subsequent membrane dynamics during cell migration, and this activity is regulated by a signaling pathway other than Rho-ROCK (Totsukawa et al., 2000 (Totsukawa et al., , 2004 Giannone et al., 2004) . However, it has not been investigated yet whether control of myosin II activity is key early in cell spreading.
Taken together, these reports raise the issue of whether myosin inactivation triggers the spreading observed early after attachment, and if so, what signaling pathway regulates this event. We show here that myosin regulates early stages of cell spreading and provide evidence for a novel regulatory mechanism based on integrin-stimulated changes in lipid signaling that result in dynamic release and activation of locally stored, quiescent myosin phosphatase. Taken together with recent reports on phospholipase D2 (PLD2) regulation of signaling-stimulated Ras activation at the plasma membrane in T-cells and transformed cells (Mor et al., 2007; Zhao et al., 2007) , this regulatory pathway suggests an unexpected means through which myosin fibril reorganization is coordinated and synergizes with Ras-mediated changes in the actin cytoskeleton during cell spreading.
MATERIALS AND METHODS

General Reagents
Y-27632, ML-7, blebbistatin, and human fibronectin were obtained from Calbiochem (La Jolla, CA); cell culture media (DMEM, 
Antibodies
Mouse monoclonal anti-pMLC S19 , anti-cofilin S3 , and anti-AKT T308 were obtained from Cell Signaling Technology (Beverly, MA). Antibodies against FAK Y397 , anti-protein phosphatase 1 c ␦ (PP1c ␦ isoform) polyclonal antibodies, and a Rac1 mAb were from Upstate Biotechnology (Lake Placid, NY). Focal adhesion kinase (FAK), protien kinase B (AKT) (clone 55), and cofilin antibodies were also obtained from BD PharMingen (San Jose, CA). Rabbit anti-myosin binding subunit (MBS) was purchased from Covance Research Products (Berkeley, CA). Anti-MAPK and anti-phospho-MAPK (clone MAPK-YT) were purchased from Sigma (St. Louis, MO). Rat monoclonal anti-HA (3F10) was obtained from Roche (Indianapolis, IN). Rabbit anti-HA and goat anti-mouse and anti-rabbit IgG conjugated with IRDye 800 were from Rockland Immunochemicals (Gilbertsville, PA). Rhodamine-and Alexa 647-conjugated phalloidin, goat anti-mouse, and anti-rabbit IgG conjugated with Alexa 488, Alexa 647, and Alexa 680, To-Pro3, and DAPI were from Invitrogen.
Cell Culture and Transfection
Tetracycline (Tet)-inducible Chinese hamster ovary (CHO) stable cells expressing wild-type and inactive alleles of PLD1 and PLD2 were generated using the T-Rex system from Invitrogen (Du et al., 2004; Su et al., 2006) and were grown in F-12 medium containing 10% Tet-free fetal bovine serum (FBS) from Clontech (Palo Alto, CA). The expression of recombinant proteins was induced for 24 h by addition of 1 g/ml doxycycline (Dox, a Tet analogue). Although very little expression of the recombinant PLD was observed in the absence of Dox in the stable cell lines (Du et al., 2004; Su et al., 2006) , we chose to use the parental CHO T-Rex cells instead of uninduced cells as the control cell line, to avoid even a small amount of potential leaky expression with the Tet expression system. The T-Rex cells were incubated with Dox under identical conditions to the PLD-inducible cell lines.
To generate retroviruses carrying short hairpin RNAs (shRNAs), PLD2 (target sequence: GACTGGACATTATGCTCAA), and luciferase (target sequence: GATTTCGAGTCGTCTTAAT) shRNAs were cloned into the pSuper. Retro.Bla vector. The packaging cell line GP2-293 (Clontech), seeded on 100 ϫ 20-mm tissue culture dishes, was cotransfected with 5 g each of retroviral vector and the envelope glycoprotein expression vector pVSV-G using Lipofectamine Plus (Invitrogen). Transfection medium was replaced with 10 ml growth medium 4 h later, and the cells were incubated for 48 h. Retroviruscontaining supernatant was then harvested, passed through a 0.45-m cellulose acetate filter, and used to infect the CHO cells, which, 2 d later, were selected with 10 g/ml blasticidin for 3 d.
Cell Spreading Assay
Plating surfaces (coverslips or tissue culture plates) were coated with 10 g/ml fibronectin (Calbiochem) at room temperature for 1 h, followed by blocking for 1 h with 1% heat-inactivated fatty acid-free bovine serum albumin (BSA) from Serological Richmond Institute (Richmond, CA). Cells were plated in the 10% FBS F12 2 d before the experiment, and changed to the medium in the presence of 1 g/ml Dox the day before the experiment. The cells were then suspended by trypsinization, to which an equal volume of trypsin inhibitor (Sigma) was immediately added. The cells were then spun down, resuspended in F12 containing 0.1% fatty acid-free BSA, and rested in the incubator for 2 h. Before plating, the medium was changed to prewarmed F12 containing 10% FBS. The cells were plated on fibronectin-coated surface for the indicated times. Cells in suspension were fixed in 4% paraformaldehyde, centrifuged to adhere them to poly-l-lysine-coated coverslips and then were processed as below for immunofluorescent staining.
Quantification was followed using previously described criteria (Randazzo et al., 2000) . Multiple fields from at least three independent experiments were imaged from each condition, and cells were scored blindly as either "not spreading" if the outer diameter of F-actin staining was less than twice the diameter of the nuclei, as "spreading" if the outer diameter of F-actin staining was greater than twice the diameter of the nuclei, or as "accelerated spreading" if the outer diameter of F-actin staining was greater than three times the diameter of the nuclei. All data shown were obtained from experiments repeated at least three times. Data shown are mean Ϯ SD.
Immunofluorescence Staining
Cells were fixed with 2% paraformaldehyde for 10 min followed by permeabilization with 0.1% Triton X-100. The hemagglutinin (HA)-tagged PLD2 proteins were detected by a rabbit polyclonal anti-HA tag antibody (Y-11) or an mAb (3F10), followed by secondary antibodies conjugated with Alexa 488 or Alexa 568. F-actin was visualized by phalloidin conjugated with Rhodamine or Alexa 647. Nuclei were stained with To-Pro3 or DAPI. Other proteins were stained with primary antibodies followed by a secondary antibody conjugated with Alexa 488, Alexa 568, or Alexa 647. After overlaying the coverslips, the slides were imaged using an Olympus fluorescent microscope (Melville, NY) or a Leica TCS SP2 confocal microscope (Deerfield, NY). Images were processed using Adobe Photoshop 8.0 (San Jose, CA) or the simulator program from Leica. All experiments were performed at least four times with similar results.
PLD Activity Assays
For in vivo PLD assays, the transfection mixtures were replaced with complete DMEM containing 2 Ci of [ 3 H]palmitic acid, and the cells were incubated for 24 h. PLD activity assays were carried out using the in vivo transphosphatidylation assay as previously described (Du et al., 2000 (Du et al., , 2002 .
Rac GTPase Activity Assays
Rac activity was measured as reported (del Pozo et al., 2000) . In brief, CHO cells were detached and kept in suspension in F-12 medium with 0.1% BSA for 2 h. The cells were then plated on dishes coated with 10 g/ml fibronectin in the presence of 10% FBS. Fifteen minutes after plating, the cells were chilled on ice, washed with ice-cold phosphate-buffered saline (PBS), and lysed in buffer containing 0.5% NP-40, 50 mM Tris, pH 7.4, 150 mM NaCl, 10% glycerol, 1ϫ protease inhibitor cocktail (Roche, Indianapolis, IN), and 20 g recombinant glutathione S-transferase (GST)-PBD. The lysates were then incubated with glutathione-agarose beads (Amersham Pharmacia, Piscataway, NJ) for 30 min at 4°C, washed three times with lysis buffer, and eluted with SDS sample buffer. Bound Rac and whole cell lysates were analyzed by Western blotting using a monoclonal anti-Rac antibody.
RESULTS
Activated Myosin II Exhibits Dynamic Subcellular Compartmentalization and Regulation during Cell Spreading
The contractile force generated by nonmuscle myosin II is critical late in cell spreading in conjunction with stress fibers and focal adhesion formation and is regulated via phosphorylation of myosin by the Rho-ROCK pathway (Ren et al., 1999; Totsukawa et al., 2000; Khyrul et al., 2004) . However, whether myosin II has a role in cell spreading at earlier stages is not clear.
We thus examined the spatiotemporal activation of myosin II during cell spreading, using Ser19 MLC phosphorylation as a means to visualize activated myosin in CHO cells plated onto fibronectin-coated coverslips (Figure 1 ). Confocal microscopy revealed that phospho-MLC is always present, but localizes to different subcellular compartments at different time points during the spreading process. As the spherical cells attach, the bottom (ventral) surface in contact with the coverslip begins to flatten and spread ( Figure 1A ). In the upper, spherical region (middle section), phospho-MLC is found at the plasma membrane in association with peripheral (cortical) F-actin. At the bottom, however, the phospho-MLC has begun to retreat from the cell periphery, as defined by separation from the F-actin (asterisk, inset), and to appear in more central regions. By 15 min ( Figure 1B ), the cells are more flattened, and very little peripheral phospho-MLC is observed at both the middle and bottom sections. By 30 min ( Figure 1C ), central phospho-MLC is predominant. Stress fibers start to form at the cell bottom at this time (arrows) and weak, discrete phospho-MLC staining is seen along them. By 60 min ( Figure 1D ), phospho-MLC coincides with actin stress fibers and focal adhesions (arrowhead). By 2 h, most of the phospho-MLC aligns along the stress fibers (not shown).
Thus, spatiotemporal regulation of myosin activity is evident during the early stages of spreading, and the pattern of localization correlates decreased MLC phosphorylation and presumed activity at the cell cortex with peripheral spreading. The initial absence of stress fibers suggests a lack of Rho-ROCK pathway activity early in spreading. In contrast, the subsequent appearance of central phospho-MLC in association with stress fibers and focal adhesions suggests that the generation of this phosphomyosin pool should be under the control of Rho-ROCK, consistent with published reports (Ren et al., 1999; Totsukawa et al., 2000; Khyrul et al., 2004) .
Myosin II Activity Controls the Rate of Early Cell Spreading through a ROCK-independent Pathway
We next examined functional roles for myosin and Rho-ROCK in the early stages of cell spreading. As shown with a representative cell in the left panel and tabulated in the right panel in Figure 2A , most of the control cells had spread by 15 min after plating (with spreading defined as the outer diameter of F-actin staining being greater than twice the diameter of the nuclei). However, exposure of the cells to blebbistatin, an inhibitor of myosin-II ATPase activity, accelerated the rate at which the cells flattened and spread (with accelerated spreading defined as the outer diameter of F-actin staining being greater than three times the diameter of the nuclei). Conversely, expression of a constitutively active MLC allele, MLC-DD, but not the wild-type MLC allele, slowed the rate of cell spreading ( Figure 2B ), again suggesting that myosin II activity controls this process. In contrast, ablation of ROCK activity using its specific inhibitor, Y-27632, did not have significant effect on the speed of cell spreading ( Figure 2C ), although it did block subsequent stress fiber formation (data not shown). These results indicate that relaxation of myosin contractility is required for the initial stage of cell spreading and that it proceeds via a pathway unconnected to ROCK activity.
Attachment-triggered Suppression of PLD2 Production of Phosphatidic Acid Regulates the Rate of Early Cell
Spreading ROCK promotes myosin assembly in the cell center by phosphorylating MLC and by preventing its dephosphorylation through inhibition of MP. In the absence of ROCK activity at the cell periphery, there exist other kinases that could phosphorylate MLC. However, alternate cellular pathways that might inhibit MP have not been well characterized. One hint for such a mechanism was suggested by biochemical studies showing that both MBS and the catalytic subunit PP1c of MP bind with specificity to the phospholipid phosphatidic acid (PA) and that MP enzymatic activity is inhibited by the interaction with PA (Ito et al., 1997; Kishikawa et al., 1999; Jones and Hannun, 2002) . We thus examined whether dynamic changes in PA affect the early rate of cell spreading. PA can be generated by several types of enzymes responsive to signaling events including members of the PLD family (Jenkins and Frohman, 2005 al., 2006) . PLD1 is tightly regulated by signaling events initiated by G-protein-coupled receptors and receptor tyrosine kinases that trigger activation of ARF and Rho small GTPase families and protein kinase C (PKC; reviewed in Jenkins and Frohman, 2005) . Cells expressing even very high levels of PLD1 do not exhibit elevated levels of activity until stimulated by agonists. PLD1 is found in intracellular vesicles in most cell types but traffics to the plasma membrane during stimulatory events. PLD2, in contrast, exhibits significant activity when overexpressed in resting cells and increases its level of activity upon G-protein-coupled receptors and receptor tyrosine kinase cell stimulation, although not through pathways involving Rho family small GTPases. PLD2 localizes to the plasma membrane and is thought to be regulated by incompletely understood inhibitory mechanisms rather than stimulatory ones.
As described earlier and in Figure 3A , most control T-Rex CHO cells have spread by 15 min after plating. In contrast, PLD2 overexpression dramatically slowed the rate of spread ( Figure 3, A and B) , and the cells remained relatively spherical. Conversely, the dominant-negative allele PLD2-K758R accelerated spreading. PLD1 and its dominant-negative allele K898R were without effect, suggesting a lack of involvement for this family member. PLD2 and PLD2-K758R did not alter the numbers of cells attached regardless of washing conditions (data not shown), suggesting a lack of effect on the net levels or binding avidity of cell surface integrinmediated cell attachment to fibronectin, a finding consistent with reports that inhibition of Rho family members, while perturbing cell spreading, has no effect on cell adhesion (Clark et al., 1998) . The observation that altering the level of PA production via overexpression of PLD2 or its dominant negative allele changes the rate of cell spreading thus demonstrates that this could be a relevant mechanism if the endogenous levels of PLD2 activity change with cell attachment. We thus measured PLD activity before and after attachment using an in vivo PLD assay previously described (Du et al., 2000 (Du et al., , 2002 . We found that control cells in suspension exhibit relatively high levels of PLD activity, which decline by more than 50% when the cells attach ( Figure 3C ). Expression of PLD1 and PLD1-K898R had no effect on PLD activity, suggesting that the PLD activity changing in this process is not attributable to PLD1, and consistent with the result above that forced expression of the PLD1 alleles did not affect cell spreading. In contrast, PLD2 overexpression increased the level of PLD activity observed for cells in suspension, and this elevated level of activity declined with attachment, although remaining above that seen for wild-type cells in suspension. Conversely, expression of PLD2-K758R inhibited endogenous PLD activity in both settings, lowering the initial level of PLD activity to near that observed for wild-type cells after attachment. Taken together, these results suggest that PLD2 is active in cells in suspension but undergoes down-regulation when the cells attach, consistent with the hypothesis that decreases in PLD2 activity would lower the production of PA and promote cell spreading by decreasing MP inhibition, allowing MP to dephosphorylate MLC and decrease cortical contractile force.
To support our biochemical data that PLD (PLD2) activity undergoes spatiotemporal changes during cell spreading, we used a PA sensor (GFP-PABD) developed in our laboratory (Zeniou-Meyer et al., 2007) to follow dynamic changes in PA using an imaging approach ( Figure 3D ). In control CHO cells in suspension (0 min), although the majority of the GFP-PABD sensor is found in the nucleus (similar to what is observed for untagged GFP; data not shown), the sensor also clearly decorates the plasma membrane (see inset). Within a short time after attachment (7 and 15 min), plasma membrane-localized GFP-PABD becomes undetectable. For CHO cells overexpressing PLD2 in suspension, even higher levels of GFP-PABD are observed on the plasma membrane, and in contrast to the wild-type CHO cells, the GFP-PABD sensor remains detectable on the plasma membrane at both 7 and 15 min after plating. As an imaging control, the PA-binding deficient mutant, PABD mutant, does not specifically localize to the plasma membrane regardless of the level of expression of PLD2 or the state of the cells ( Figure 3D , bottom panel). These findings indicate that cells in suspension have a detectable level of plasma membrane-localized PA that decreases upon attachment and that overexpression of PLD2 both increases the initial levels of plasma membrane PA and causes it to persist there at levels higher than that seen in wild-type cells in suspension even after the PLD2-expressing cells have attached. (A-C) In all experiments, the suspended cells were plated on coverslips coated with 10 g/ml fibronectin and cultured for 15 min before being fixed for imaging. F-actin (red channel) was visualized using rhodamine-conjugated phalloidin, and the nuclei (blue) using DAPI. GFP (as an reporter of MLC-DD expression) is presented as green fluorescence. Representative cells are shown at the left and quantification of cell spreading at the right; see Materials and Methods for details. Scale bar, 10 m.
To confirm the involvement of endogenous PLD2 in cell spreading, we used an RNA interference (RNAi) approach previously described (Du et al., 2004; Zhao et al., 2007) . Cells expressing PLD2 shRNA spread much faster and to a greater extent than control cells expressing luciferase shRNA (Figure 4, A and B) , confirming the result generated by expression of the dominant-negative allele PLD2-K758R.
Altering PLD2 expression or activity by overexpressing PLD2 alleles or shRNA for multiple days could have other long-term cellular effects, complicating the assessment of whether PLD2 activity is directly involved in cell spreading as proposed above. To address this concern, we made use of 1-butanol as a short-term pharmacological agent to inhibit PLD generation of PA (Jenkins and Frohman, 2005) . As shown previously in Figure 3 , almost all wild-type CHO cells spread within 15 min of attaching, and ϳ10 -15% exhibited accelerated spreading. In contrast, overexpression of PLD2 greatly diminished both the spreading and the accelerated spreading. Acute pretreatment of the PLD2-overexpressing cells with 0.1% 1-butanol for 15 min before the start of the experiment rescued the cell spreading delay induced by PLD2 ( Figure 4C ), whereas the control agent tert-butanol, which does not inhibit PLD production of PA, had no affect on the PLD2-mediated inhibition of cell spreading. In fact, the 0.1% butanol treatment of the PLD2-overexpressing cells resulted in a frequency of accelerated cell spreading that substantially exceeded that of the wild-type CHO cells. Taken together, these findings both demonstrate that PA generation on the plasma membrane acutely blocks cell spreading and validate the PLD2 overexpression and PLD2 dominant-negative and shRNA approaches and findings.
PLD2 Regulates Myosin II Activity during Early Cell
Spreading PLD2 has been proposed to mediate effects in other signaling pathways that could alter cell morphology (Jenkins and Frohman, 2005) , so we next examined whether there was a causal relationship between the action of PLD2 on cell spreading and the contractile force contributed by myosin activity.
At 7 min after attachment, phospho-MLC is in retreat from the cell cortex at the bottom of cell and is beginning to The PLD activity observed is attributable to PLD2 and is downregulated by cell attachment. In vivo PLD activity assay measurements were performed on control and PLD-induced CHO cells that were in suspension or that had been allowed attach to fibronectin-coated tissue culture plates and to spread for 15 min. PLD activity is presented as the % of total 3 H-palmitate-labeled phospholipids recovered as phosphatidylbutanol from TLC analysis. T-Rex, parental CHO cell line used to generate stable PLD-inducible cell lines. (D) Spatiotemporal change of PA in the control CHO cells and the PLD2-expressing cells. PA was visualized by a EGFP-conjugated PA-binding domain (PABD) described previously (Zeniou-Meyer et al., 2007) . One day before the experiment, the cells were transfected with EGFP-PABD or an EGFP-PABD mutant allele that lacks PA-binding capacity. Four hours after transfection, the T-Rex CHO PLD2-inducible cell lines were induced using Dox. Cells were either directly fixed in suspension and then spun to poly-l-lysinecoated coverslips (0 min) or fixed 7 or 15 min after replating onto fibronectin-coated coverslips. F-actin was imaged using rhodaminephalloidin. Scale bar, 10 m. Asterisks indicate location shown in higher magnification in inset.
G. Du and M. A. Frohman appear in central regions ( Figure 1A) . By 15 min, phospho-MLC is largely excluded from the cell periphery ( Figure 1B) . In contrast, at 15 min after attachment in cells overexpressing PLD2, phospho-MLC was found exclusively at the cell periphery ( Figure 5A ), which resembled the nonflattened regions of wild-type cells at the earliest stages of cell spreading examined ( Figure 1A) . Conversely, expression of PLD2-K758R led to the loss of phospho-MLC staining at the cell periphery and accelerated MLC phosphorylation in central regions of the cell bottom ( Figure 5A ). A similar result was obtained for cells expressing PLD2 shRNA (data not shown). These results show that altering PA levels affects the spatio- T-Rex CHO PLD2-inducible cell lines were induced using Dox for 24 h as described in Materials and Methods. The cells were suspended for 2 h and then incubated with 0.1% 1-butanol or tert-butanol for 15 min before being replated as above for 15 min. Rhodamine-phalloidin and DAPI were used to visualize F-actin and nuclei. Cell spreading was quantitated as described in Materials and Methods. temporal termination of MLC phosphorylation at the cell cortex early in the spreading process.
To establish functional linkage, we ablated the contractile force contributed by myosin II in cells overexpressing PLD2. Blebbistatin reversed the delay of cell spreading caused by PLD2 overexpression ( Figure 5 , B and C), leading to the cells becoming fully spread by 15 min after attachment. Conversely, expressing the constitutively active MLC allele, MLC-DD (Fumoto et al., 2003) inhibited the exaggerated cell spreading caused by PLD2-K758R ( Figure 5D ). Taken together, these findings demonstrate that the effects caused by manipulation of PA generation by PLD2 are mediated by regulation of myosin phosphorylation and activation at the cell cortex.
PLD2 Recruits Myosin Phosphatase to the Plasma Membrane
We next examined whether altering the production of PA affects the subcellular localization of MP as a means to restrict or focus its function. MP consists of a catalytic subunit known as PP1c ␦, a large subunit termed the myosin phosphatase-targeting subunit (MYPT, also called the MBS or M130) and a 20-kDa small subunit (Ito et al., 2004) . MBS binds phosphorylated myosin II, thus targeting the catalytic subunit, PP1c ␦, to it. Endogenous MBS and PP1c ␦ localized to the cytoplasm and nucleus in control cells ( Figure 6 ) and on occasion to a minor extent to the plasma membrane, consistent with prior reports (Hirano et al., 1999; Eto et al., 2005; Lontay et al., 2005) . On PLD2 overexpression, however, MBS and PP1c ␦ translocated in part to the plasma membrane of attached cells ( Figure 6 ) and cells in suspension (not shown), where PLD2 resides (Colley et al., 1997; Du et al., 2004) . Recruitment of active MP to the plasma membrane should result in MLC dephosphorylation rather than the coaccumulation of phospho-MLC, suggesting that the presence of PA on the plasma membrane both recruits MP and simultaneously sequesters it in an inactive state.
Lack of Evidence for Regulation of Other Signaling Pathways by PLD2 during Early Stages of Cell Spreading
Cell attachment to the extracellular matrix triggers a variety of signaling cascades that might work cooperatively with myosin II to mediate PLD2-controlled cell spreading. We thus examined whether changes PLD2 activity affect any of these other pathways in the early stages of cell spreading.
No change was observed in phosphorylation of cofilin ( Supplementary Information, Supplementary Figure S1 ), a downstream Rho effector (Maekawa et al., 1999) , and the ROCK inhibitor Y-27632 did not alter the effects caused by PLD2 and PLD2 K758R expression (Supplementary Information, Supplementary Figure S2 ), confirming that PLD2-regulated cell spreading is independent of RhoA-mediated signaling, Similarly, no changes were observed for activation of Rac1 or PI3 kinase (phosphoinositide-3 kinase; Figure  7 , A and C), which are important for later stages of cell spreading (Price et al., 1998; Berrier et al., 2000; Small et al., 2002) , and expression of Rac1V12, a constitutively active Rac1 mutant, had no effect on the delay in cell spreading caused by PLD2 ( Figure 7B ). Wortmanin (a PI3 kinase inhibitor), was also without effect (data not shown), and altering PLD2 activity did not affect the activation (Figure 7 , D and E) or spatial distribution (data not shown) of FAK and ERK (extracellular signal-regulated kinase), which control Control and PLD2-expressing cells were plated on tissue culture plates coated with 10 g/ml fibronectin and collected at indicated times for the assays shown (C-E). Western blotting was performed using an Odyssey imaging system. All results shown are representative of at least three experiments.
the formation and turnover of focal adhesions and focal complexes (Webb et al., 2002 (Webb et al., , 2004 .
PLD2 has also been proposed to play roles in actin cytoskeletal reorganization (Colley et al., 1997; Honda et al., 1999) via PA stimulation of PI4P5-kinase to generate PI(4,5)P 2 (phosphatidylinositol 4,5-bisphosphate) However, we did not observe alterations in plasma membrane targeting of a PI(4,5)P 2 sensor (GFP-PLC1␦-PH) in PLD2-overexpressing cells, nor did overexpression of the sensor to sequester PI(4,5)P 2 affect cell spreading in control cells or cells expressing PLD2 or PLD2-K758R (data not shown).
Taken together, these results indicate that altering levels of PLD2 expression and PA generation do not affect the general signaling pathways ensuing from integrin activation as cells attach to the substratum.
DISCUSSION
Integration of a spherical motile cell into a solid tissue via attachment and spreading requires dynamically balancing the different types of forces cells exert on themselves and their surrounding environment. On first impact, cells spread to maximize surface contact. Once spread, they form structures including stress fibers and focal adhesions that solidly anchor them. Thus, the balance of extension versus contraction needs to be actively regulated so that different functions can be performed in different physiological contexts.
One way to balance such forces is through the spatially restricted control of myosin II activity. The understanding that myosin II undertakes different roles at the periphery and bottom of migrating cells (Totsukawa et al., 2000 (Totsukawa et al., , 2004 Giannone et al., 2004) or at the cell leading and rear edges (Kolega, 2003; Lo et al., 2004 ) is a topic that has only recently come into focus and one that has not been examined in the early phases of cell spreading. Late phases of cell spreading at the bottom of the cell involve PI3 kinase, Rac-Rho kinase, and Cdc42-MRC kinase, but relatively little is known about the early phases. We propose that myosin II dephosphorylation at the cell periphery triggers the initial stage of cell spreading via a regulatory mechanism different from downregulation of Rho-ROCK signaling and describe here a role for a lipid signal in controlling this pathway. Myosin activation is required at the cell bottom at later stages of cell spreading to collaborate with stress fibers and focal adhesions to anchor cells. We propose here that this is preceded by myosin deactivation at the cell cortex to allow peripheral spreading to occur.
A number of lines of evidence generated from our model system readily suggested and confirmed a role for PLD in myosin dynamics via inhibition of myosin phosphatase. PA has been well defined as an inhibitor of MP activity in biochemical studies. In vitro assays have suggested that PA binds to the myosin targeting subunit (MBS) of MP in a manner that inhibit MP's binding to phosphorylated myosin (Ito et al., 1997) ; PA has also been reported to specifically bind to and inhibit the ␣ and ␥ isoforms of MP's catalytic subunit, PP1c (Kishikawa et al., 1999; Jones and Hannun, 2002) , at a proposed high-affinity PA-binding site that is found identically in PP1c ␦, the isoform under investigation in this study.
There are multiple ways to generate PA in cells, including via the action of the classical isoforms PLD1 and PLD2, DAG kinases, or LysoPA acetyltransferases. We present evidence here that overexpression of PLD1 does not alter levels of PLD activity during cell spreading, nor does overexpressing it or a dominant negative allele alter cell spreading dynamics. In contrast, overexpression of PLD2, which is found on the plasma membrane, alters spreading dynamics, PLD activity during spreading, and levels of PA on the plasma membrane. Moreover, PLD2 dominant negative and RNAi approaches have the converse effect on spreading. Taken together, these findings make PLD2 the lead candidate as regulator of PA during cell spreading, although we cannot entirely rule out contributions from other enzymatic sources at present.
We propose the following model: Cells in suspension exhibit high levels of PLD2 activity on the plasma membrane. The PA generated recruits nearby MP and sequesters it at the plasma membrane in a presumed inactive state. The creation of a peripheral zone deficient in MP activity tips the local balance in factor of MLC phosphorylation and stabilizes the assembly of actomyosin filaments that generate a substantial cortical contractile force, resulting in spherically shaped cells. On attachment, integrin or other signaling down-regulates the PLD2 activity, leading to a bolus of MP release from the plasma membrane in an active state and rapid dephosphorylation of cortical MLC, resulting ultimately in relaxation and extension of the cell periphery. Subsequent activation of Rho-ROCK signaling at the cell bottom leads to stress fiber formation with myosin integration there, as promoted by ROCK-mediated MLC phosphorylation and suppression of MP activity.
One way to view this model would be that PLD2 and MP collaborate to "charge" the membrane with latent MP that is ready to be released and act much more rapidly than could be achieved via diffusion. This kinetic model would be the equivalent of a phosphorylation capacitor that stores MP while the cells are in suspension and PLD2 activity levels are high and then discharges it once the signaling environment switches to favoring attachment. Transducing such signals directly from the plasma membrane might be an efficient way to control cortical forces because the plasma membrane is both close to the site in which the cortical contractile force is generated and is capable of responding rapidly and in a spatially restricted manner to a changing external environment. An even more intriguing and efficient possibility would be that MP is recruited to the membrane through interaction with both PA and phospho-MLC and thus is positioned on its substrate in an inactive form, waiting only for the down-regulation of PA to become active and immediately dephosphorylate MLC.
Current challenges include demonstrating that MP is inhibited at the plasma membrane while bound to PA, determining how efficiently endogenous levels of PA recruit MP to the plasma membrane, and what the regulatory mechanism is that down-regulates PLD2 activity upon attachment.
A number of proteins and lipids have been reported to inhibit PLD2 activity (reviewed in McDermott et al., 2004 ), but it is not known which one(s) initiates the changes seen early in cell spreading. We also do not know which kinase phosphorylates MLC at the cell cortex and thus promotes contractile force for cells in suspension; an interesting possibility might be ZIP kinase (Murata-Hori et al., 1999) . Finally, PLD2-generated PA has recently been shown to play key roles in the activation of Ras (Mor et al., 2007; Zhao et al., 2007) . Ras regulates actin dynamics, suggesting that PLD2 may serve as an integrator of myosin-and actin-reorganizing pathways during cytoskeletal reorganization by coordinating the regulation of MP and Ras in parallel. PLD2 polymorphisms and altered expression and activity have been associated with several types of cancer (reviewed in Huang and Frohman, 2007 ). PLD2's role in regulating myosin-and Ras-signaling pathways in metastasizing cells homing to new locations may underlie this linkage.
